An asymmetric distribution of the sexes within the left and right uterine horns has been described in multiple species. A series of experiments were conducted to evaluate the sex ratio (% male) of calves gestated in the left and right uterine horns, as well as the sex ratio of embryos originating from the left and right ovaries of cattle. The sex ratio of calves gestated in the right uterine horn of naturally mated cows was significantly higher compared with the sex ratio of calves gestated in the left uterine horn. In addition, the sex ratio of the left and right uterine horns differed significantly from parity. The sex ratio of embryo transfer calves born following transfer to the left and right uterine horns was not significantly different. Additionally, the proportion of male embryos collected from the right uterine horns was significantly greater than from the left uterine horns of superovulated cows. The sex ratio of embryos collected from the left and right uterine horns of unilaterally ovariectomized cows was not significantly different. However, more female than male embryos were produced when left ovary oocytes fertilized in vitro. In conclusion, the results of these experiments demonstrate that a significantly greater proportion of males are gestated in the right uterine horn of cattle and a greater proportion of females in the left. Additionally, the data indicate that sex-specific selection pressure may be applied to embryos by ovarian factors rather than by the uterine environment. embryo sexing, female reproductive tract, gamete biology, ovary, ovary selection, sex ratio
INTRODUCTION
Asymmetric distribution of the sexes within the uterus of pregnant polytocous mammals has been described in various species. An excess of female fetuses has been reported in the right uterine horn of the rabbit, while in the mouse and Mongolian gerbil [1] [2] [3] an excess of male fetuses in the right horn has been observed.
The partial segregation of sexes observed in the uterus of the gerbil, rabbit, and mouse suggests some consistent lateral asymmetry either between the left and right uterine horns or the left and right ovaries in these species. The literature provides multiple examples of lateral asymmetry of both mammalian ovaries and uterine horns [4] [5] [6] . In rats, the left uterine horn contains fewer implantation sites than the right horn [7] . A larger number of embryos are gestated in the right uterine horn in mice [8] , and in hamsters a greater number of sperm are present in the right uterine horn after mating [9] . In initial observations with cattle, Vázquez et al. [10] noted that the sex ratio of fetuses in the left uterine horn was lower than the sex ratio detected in the right uterine horn of gravid, abattoirderived reproductive tracts.
In an effort to determine the source of the uterine horn sex ratio variation, Clark et al. [11] surgically translocated the left and right ovaries within Mongolian gerbil females. These authors reported an inversion of the sex ratio (% male) within the uterine horns of the treated animals, with more females on the right and males on the left, and postulated that the ovary of origin, rather than the horn of gestation, was responsible for the skewed ratio. They hypothesized that the ovary of origin of the oocyte provides preferential selection for either X-or Ychromosome bearing sperm at fertilization.
Several factors have been reported to influence sex ratio in cattle, including the level of testosterone in bovine follicular fluid [12, 13] , timing of insemination [14, 15] , and the maturational state of the oocyte at the time of insemination [16] [17] [18] . Additionally, it has been suggested that in cattle, similar to the Mongolian gerbil, the oocyte, when ovulated, is already adapted to receive an X-or Y-bearing spermatozoa [19] . However, in cattle, only limited information is available regarding the sex ratio of the offspring in relation to the horn of gestation.
Embryo transfer (ET) provides a relatively straightforward method to determine uterine horn selection pressures applied to male or female embryos. Although the overall sex ratio of calves produced from embryo transfer has been reported to be slightly higher than parity [20] [21] [22] , the sex ratio of calves resulting from transfers to specific uterine horns remains unknown. An altered sex ratio from the left and right uterine horns may indicate uterine selection pressures that provide a preferential advantage to embryos of one sex.
The sex ratio of bovine embryos recovered from individual uterine horns remains unknown. Cattle are generally regarded as having a low incidence of transuterine migration, with rates of 1%-3%, though one report suggested a rate of up to 12% [10, 23, 24] . Embryos recovered from the uterine horns can provide indirect evidence about the ovary ipsilateral to the uterine horn from which the embryos are recovered. A skewed sex ratio may indicate that the ovary of origin of the oocyte may influence the selection for either X-or Y-chromosome bearing sperm at fertilization.
Though reproductive lateral asymmetries have been described in various mammalian species, no reports are available describing the sex ratio of embryos produced from oocytes derived from the left and right ovaries following oocyte maturation, fertilization, and embryo culture in vitro. Analysis of the sex ratio of in vitro-produced (IVP) embryos generated using oocytes from the left or right ovary would provide evidence of the sex selection due to ovarian or uterine factors.
Because in monotocous species the sex ratio of offspring in relation to the horn of gestation has been limited to a few reports, the objective of this study was to determine the sex ratio of embryos and offspring in the left and right uterine horns of cows. Additionally, a possible ovarian or uterine influence over the sex ratio of calves was analyzed using ET and IVP technologies.
MATERIALS AND METHODS

Animals
Animals were handled in accordance with the United States Department of Agriculture Guide for the Care and Use of Agricultural Animals in Research. All procedures were approved by the Louisiana State University Agricultural Center Institutional Animal Care and Use Committee.
Pregnancy and Sex Determination
Cows (property of Louisiana State University) were palpated for pregnancy determination ;45 days after breeding, and the horn of gestation was recorded for later analysis. Females in which the horn of gestation could not be determined during palpation were not included in the study (,1% of the population analyzed). Calving data, including calf sex, were collected and compiled with the palpation data.
Estrus Detection and Artificial Insemination
Experimental animals were observed twice daily, in the morning and evening, ;12 h apart for estrual behavior. The estrual activity of all animals was also monitored with HeatWatch system (DDx, Inc., Denver, CO). Estrous parameters were defined as three mounts within a 2-h period, with a minimum duration of 2 sec per mount. Donors were artificially inseminated at 12 and 24 h after the onset of estrus, with two straws of semen from a bull of known fertility at each insemination.
Unilateral Ovariectomization of Heifers
Crossbreed beef heifers were randomly selected to undergo unilateral ovariectomy. Unilateral ovariectomies on all experimental animals were performed by licensed veterinarians using a flank approach. After the ovariectomy procedures were completed, a recovery period of ;45 days was allowed for all animals before the initiation of the superovulatory treatment.
Embryo Collection
Embryos were recovered nonsurgically from donors 7 days after the onset of estrus. At the time of collection, a two-way Foley catheter was anchored into the body of the uterus. When embryos located in the left or right horn needed to be recovered independently, the Foley catheter was anchored in each of the uterine horns, with the cuff located past the internal bifurcation. All the cleaved embryos collected were frozen and used for sex determination.
Embryo Transfer
Embryos were nonsurgically transferred to synchronized recipients. A single embryo was deposited in the uterine horn ipsilateral to the ovary with the corpus luteum (CL). The uterine horn in which the embryo was transferred was recorded.
Ovary Collection and In Vitro Maturation
Ovaries from mature cows were collected from a local abattoir. A single technician collected the ovaries from each animal, insuring that the left and right ovaries were properly identified and separation was maintained. Transport time for the ovaries ranged from 6 to 8 h.
Upon arrival at the laboratory, all follicles ranging from 2 to 9 mm in diameter were aspirated. Only oocytes with a minimum of three layers of cumulus cells were selected. After washing, 10 to 15 oocytes were randomly placed into 50-ll droplets of maturation medium (TCM-199 with 10% fetal bovine serum, 50 lg/ml gentamicin, 5 lg/ml follicle-stimulating hormone, 10 lg/ml luteinizing hormone, and 1 lg/ml estradiol) covered with embryo-tested mineral oil, and incubated with 90% N 2 , 5% O 2 , and 5% CO 2 at 388C.
In Vitro Fertilization and Embryo Culture
At 22 h after maturation, the oocytes were subjected to IVF (in vitro fertilization). Briefly, the oocytes were inseminated in IVF medium [25] supplemented with 0.3% bovine serum albumin using frozen-thawed semen from a bull of known fertility. Groups of 10 to 15 oocytes were placed into 80-ll droplets of IVF medium and inseminated with 1 3 10 6 spermatozoa/ml under 5% CO 2 in air at 388C for 6 h. After IVF, the presumptive zygotes were denuded and cultured in CR1aa medium [26] at 398C in 5% CO 2 , 5% O 2 , and 90% N 2 . On Day 7 of culture, cleaved embryos were cryopreserved for sexing at a later date.
Embryo Sexing
Embryos were sexed using a modified protocol based on the bovine embryo sexing kit supplied by AB Technology (AB Technology, Inc., Pullman, WA). The kit, through the use of PCR, is designed to detect male-specific, Ychromosomal DNA sequences [27, 28] and is based on the micromanipulation methodologies of Herr and Reed [29] . In the present experiment, the entire embryo was used in the PCR reaction.
After thawing, individual embryos were washed three times in PBS containing 2 mg/ml of polyvinylpyrrolidone to remove serum. In an effort to reduce the probability of DNA contamination, the zona pellucida of each embryo was removed by repeated, rapid pipetting of the embryo through a small-bore glass pipette after the final washing. Following zona removal, the embryo was added to a mix of ddH 2 O, YCD (Y-chromosome determinant), Taq polymerase, dNTPs, and male-specific (Y-chromosome) and non-male-specific (autosomal) probes. The temperature profile used to amplify the DNA consisted of 1 min at 958C, followed by 33 cycles of 10 sec at 958C, 20 sec at 648C, and 15 sec at 728C, and held at 48C following completion of the last temperature cycle.
PCR products were electrophoresed on an agarose gel. DNA bands were visualized by ethidium bromide fluorescence using ultraviolet illumination. For each gel electrophoresis, a negative control to detect contamination consisting of a sample without embryo or genomic DNA was processed. Peripheral blood lymphocytes, serving as male and female controls, were also processed and included in each gel. The presence of a non-specific DNA band indicated that a viable sample was present in the assay tube. The presence of a male-specific band identified male samples, while female samples were identified by the absence of this band under UV illumination.
Experimental Design Experiment 1. Horn of gestation was determined in 2904 mature crossbred beef cows. Data for this experiment were collected over a 5-yr period across six different crossbred commercial-type beef herds. All cows used in this study were naturally mated during a 60-day breeding season during the months of April and May of each year. Calving data, including calf sex, were collected on each herd and compiled with the palpation. These females consisted of various crosses of Angus, Brangus, Brahman, Hereford, Simmental, and Gelbvieh breeds, while bulls were primarily of the Angus and Brangus breeds. Experiment 2. Embryo transfer records and the resulting calving data were analyzed in 521 pregnancies to determine the percentage of male and female calves produced from transfers to the left and right uterine horns of recipient cattle. Recipients, managed at the same locations along with the donors (see Fig. 1A for superovulation protocol), consisted of Bos inducus-cross females, primarily F 1 crosses of Holstein and Gyr.
Experiment 3. A group of 20 Brahman, Continental, and European crossbred females were superovulated (Fig. 1B) . Embryos were collected from the left and right horn separately, and sexed by PCR.
Experiment 4. Crossbred beef heifers (n ¼ 20) were used to evaluate the sex ratio of embryos recovered from superovulated donors after unilateral ovariectomy (see Fig. 1C for superovulation protocol) .
Experiment 5. Oocytes aspirated from the left and right ovaries of mixedbreed beef cows were matured, fertilized, and cultured in vitro. The oocytes and derived embryos were maintained separately during in vitro manipulation. Four replicates were performed. Embryo sex was determined by PCR.
Statistical Analysis
Data were processed using SAS software (Version 9.1.3). Glimmix Procedure was used to analyze logistic regression models with fixed effects. The main effects 934 and the differences between uterine horn or ovary sides were considered significant at the P , 0.05 level. The total number of calves and the sex of the calves gestated in each uterine horn (experiment 1), the total number of calves and the sex of the calves produced from transfers to each uterine horn side (experiment 2), the total number of embryos and the sex of the embryos recovered from each uterine horn (experiment 3), as well as the total number of embryos and the sex of the embryos derived from oocytes originating from the left and right ovaries (experiments 4 and 5) were used as the endpoint for side comparisons.
RESULTS
Experiment 1
The distribution of male and female calves gestated in the left and right uterine horns of naturally mated cows is summarized in Table 1 . Of a total of 2904 pregnancies evaluated, 1360 (46.8%) were gestated in the left uterine horn, and 1554 (53.2%) were gestated in the right horn. The percentage of pregnancies occurring in the left and right horns were significantly different when compared with each other and differed significantly from the expected equal distribution of 50%.
The overall sex ratio of the calves born in this study was 51.9% and was not different from parity. However, the sex ratio of calves gestated in the left uterine horn (34.4%) was significantly lower than the sex ratio of calves gestated in the right uterine horn (67.4%). In addition, the sex ratio of calves from the left uterine horn and the sex ratio of calves from the right uterine horn were significantly different from parity.
There was not significant difference in the overall sex ratios of calves born over the 5-yr period or across the six different crossbred beef herds analyzed in this study.
Experiment 2
The distribution of male and female calves resulting from the transfer of embryos to the left and right uterine horns of recipients is summarized in Table 2 . Of a total of 521 pregnancies evaluated, 202 (38.8%) resulted from left horn transfers, which was significantly lower than the 319 (61.2%) calves produced from right horn transfers.
The overall sex ratio of calves produced was 50.3% and was not significantly different from parity. The sex ratio of calves derived from left horn transfers (50.0%) was not significantly different from the sex ratio of calves from right horn transfers (50.5%). No significant difference was detected between the sex ratio of left horn transfers or the sex ratio of right horn transfers compared with parity. 
SEX RATIO OF BOVINE EMBRYOS
Experiment 3
The distribution of male and female embryos collected from the left and right uterine horns of superovulated cows is summarized in Table 3 . A total of 205 embryos were collected from 20 donor cows, with a mean of 10.25 embryos collected from each donor. Of the 205 embryos, 111 (54.1%) were recovered from the right uterine horn, and 94 (45.9%) were recovered from the left uterine horn. The number of embryos recovered from the left and right horns was not significantly different.
The overall sex ratio of the embryos recovered in this study was 52.7% and was not different from the expected sex ratio of 50%. However, the sex ratio of the embryos from the left uterine horn (45.7%) was significantly lower than the sex ratio of embryos from the right uterine horn (58.6%). In contrast, the sex ratio of the embryos recovered from the right and left uterine horns was not significantly different from parity.
Experiment 4
Embryos were successfully recovered from 12 of 20 unilaterally ovariectomized heifers. An average of 2.6 embryos per heifer were recovered in this experiment. The low embryorecovery rate noted in the unilaterally ovariectomized heifers was associated with a poor follicular response to the superovulation treatment, as well as the presence of adhesions around the reproductive tract, which made the manipulation of the uterus difficult during the embryo collection.
The distribution of male and female embryos collected from the left and right uterine horns of unilaterally ovariectomized heifers is summarized in Table 4 . Of the total of 52 embryos collected and evaluated in this study, 42 (80.8%) were recovered from nine left-ovary-intact heifers, whereas 10 embryos (19.2%) were recovered from three right-ovary-intact heifers. Significantly more embryos were recovered from leftovary-intact heifers compared with right-ovary-intact heifers.
The overall sex ratio of the embryos recovered in this study was 41.5% and was not different from the expected sex ratio of 50%. Although numerically fewer male embryos were recovered from the left-ovary-intact donors, the proportion was not significantly different (40.5% vs. 59.5%). Additionally, the sex ratio of the embryos recovered from both rightand left-ovary-intact heifers failed to differ significantly from parity.
Experiment 5
The overall sex ratio of the embryos did not differ between replicates (44.0% vs. 44.4% vs. 42.6% vs. 60.0%). In addition, the sex ratio of embryos from right-ovary oocytes in replicate 1 (48.0%), replicate 2 (50.0%), replicate 3 (40.5%), and replicate 4 (71.0%) was not significantly different (P ¼ 0.213).
The distribution of male and female embryos produced from oocytes originating from the left and right ovaries is summarized in Table 5 . Of a total of 569 embryos, 292 (51.3%) were produced from left-ovary oocytes, while 277 (48.7%) were produced from right ovary oocytes. The overall sex ratio of the embryos produced in this study was 46.9% and was not significantly different than the expected sex ratio of 50%. The sex ratio of the embryos produced from left-ovary oocytes (44.8%) was not significantly different from the sex ratio of embryos derived from the right-ovary oocytes (49.0%). However, significantly more female than male embryos were produced from left ovary oocytes (55.2% vs. 44.8%). In addition, the sex ratio of the embryos produced from both leftovary-and right-ovary-derived oocytes was not significantly different from parity.
DISCUSSION
The number of studies conducted to evaluate the asymmetric distribution of male and female fetuses between the left and right uterine horns is small and mostly focused in polytocous laboratory species. In cattle, Vázquez et al. [10] reported that the sex ratio of fetuses in the left uterine horn was found to be lower than the sex ratio detected in the right uterine horn of gravid, abattoir-derived reproductive tracts. Our study established that there was a left-horn right-horn significant difference in sex ratio in naturally mated beef cattle based on live calves born. In addition, this is the first investigation attempting to evaluate the mechanism responsible for the sex ratio distortion detected in the left and right uterine horns in cattle.
The present results demonstrated that, in naturally mated cows, the sex ratios of calves gestated in the left and right uterine horns are significantly different and are also different from parity. The sex ratio of calves gestated in the right horn was significantly higher than the sex ratio of left-horn-gestated calves. These results were consistent with those previously reported for the mouse and Mongolian gerbil [2, 30] , but were the reverse of the fetal sex ratio distribution observed in the uterus of the rabbit [1] .
Assisted reproductive technologies such as ET and IVF, as well as advanced biotechnologies like embryo sexing by PCR, can be used to determine the influence of the ovary of origin or gestational horn in the sex selection of offspring in cows. The overall sex ratio of 50.3% of ET calves produced in the present study was consistent with the sex ratio of naturally sired calves 936 previously reported. The sex ratio of ET calves produced from both left-and right-horn transfers was not significantly different and did not differ from parity. An altered sex ratio of calves from the left and right uterine horns, similar to the results detected in naturally mated cows, would be expected if the uterine horns provided a preferential environment to either male or female embryos. The low incidence of transuterine migration of transferred embryos in recipient cattle has been reported [31] , minimizing the likelihood of embryos of each sex migrating to a preferred uterine horn for gestation. The altered sex ratios noted in calves gestated in the left and right uterine horns were also detected in embryos collected from superovulated donors. Although the sex ratio of the embryos collected from the left and right uterine horns of superovulated cows was not as distorted as the sex ratio of calves produced by naturally mated cows, the difference was significant.
Although the sex ratio of embryos produced by unilaterally ovariectomized cows was not significantly different, there was a numerically larger number of female than male embryos produced from left ovary oocytes. The failure to detect any significant difference may be the result of the insufficient number of embryos collected in this experiment. The low embryo-recovery rate was associated with a poor follicular response and uterine adhesions detected after unilateral ovariectomies, which undoubtedly impaired the embryo collection.
The reason for the less severe distortion of the sex ratio after superovulation in experiments 3 and 4 remains unclear but may be related to the ovarian stimulation protocol used. The time of insemination has been reported to influence the sex of the offspring in various species. In cattle, the timing of insemination relative to ovulation has resulted in distorted sex ratios [14, 32] , though these reports remain controversial. Donors in the present experiment were inseminated multiple times, at 12 and 24 h after the onset of estrus. In addition, ovulation has been reported to occur earlier after the onset of estrus in superovulated cattle (;28 h) compared with unstimulated individuals (;32 h) [33] . This multiple insemination scheme may partially conceal the true sex ratio potential in the left and right horns, since inseminations occurred ;16 and ;4 h prior to the onset of ovulation. Unfortunately, the effect of a single insemination, either early or late relative to ovulation, on the sex ratio of embryos recovered from donor cows remains unknown.
Similar to the embryos collected from superovulated cows, the IVF-derived embryos generated from the left ovary produced a lower percentage of male than female embryos. However, oocytes originating in the right ovary produced a similar ratio of female and male embryos. This sex ratio accounts for all embryos produced and is not reflective of embryos that developed to an arbitrary endpoint (i.e., Day 7) and, therefore, presents a good indicator of the sex ratio of the embryos produced immediately following fertilization, as opposed to only viable embryos after an extended period of culture (i.e., blastocysts). Additionally, the duration of gamete interaction during fertilization [34] , as well as the sperm preincubation length prior to insemination in cattle, has been reported to affect the sex ratio of embryos produced in vitro [35] .
The sex ratio of superovulaed cows as well as IVP embryos provides insight into the relationship between the ovaries of origin and the sex ratio of the subsequently derived bovine embryos. In addition, the sexually dimorphic developmental inequalities previously reported were encountered in these experiments. Similarly, these data compare favorably with laterally asymmetric sex ratio distributions reported in the rabbit [1] , mouse [2, 36] , and Mongolian gerbil [11, 30, 37] and those detected in the other experiments of this study. However, the mechanism underlying the difference in the sex ratio distortion found in IVF-derived embryos generated in oocytes from the left but not from the right ovary remains unknown.
Although Clark et al. [11] used different experimental methods in the gerbil, the similar results reported reinforce the conclusions presented in this study. The data of the present experiments, in combination with the results reported by Clark et al. [11] , suggest that there is no preferential selection for embryos of a single sex in the uterine horns of recipient cattle. Moreover, the sex ratio of embryos and calves produced by natural mating, superovulated cows, and ET suggests that the ovary of origin from which the pregnancy is derived, rather than the uterine horn of gestation, may influence the sex of offspring in cattle. However, the sex ratio of IVP embryos in relation to the ovary of ovulation may indicate that other uterine or ovarian factors such as sperm-uterine interactions and/or time of insemination should be considered as other probable sex-specific selection factors.
Study of the sex ratio segregation in relation to the ovary of origin in cattle will have direct implications in the dairy and beef industry, where the ability to select gender is highly desirable for marketing and production purposes. Additionally, morphological and physiological reproductive characteristics in cattle, such as the bicornuate uterus shape, uterine implantation site, low incidence of transuterine migration, and relatively easy embryo collection make this species an attractive model for other monotocous animals. Moreover, since the cow is a closer model to humans than the polytocous gerbil or mouse, the study of sex ratio in cattle may have potential implications for human fertility.
In conclusion, the results of these experiments clearly demonstrate that a significantly greater proportion of males are gestated in the right uterine horn of cattle and a greater proportion of females in the left. Given the low incidence of transuterine migration and the absence of selection pressure on transferred embryos, there is a high probability that the altered sex ratios noted are the result of the ovary of origin. Though the sex ratio of embryos recovered from the uterine horns was significantly different, the distortion was not as severe in superovulated donors and IVP-derived embryos compared with naturally mated females. Perhaps, as conditions deviate from a natural breeding environment through the use of exogenous gonadotropins and in vitro culture conditions, the mechanisms responsible for the skewed sex ratios found in IVP embryos become shrouded. Additionally, other factors such as spermuterine interactions and/or time of insemination in relation to ovulation may be considered as other possible sex-specific selection factors.
